INTRODUCTION
Living donor liver transplantation (LDLT) as a treatment for end stage liver disease is an approach that is becoming increasingly common in Asian centres. Biliary complications, especially bile duct strictures (BDS), remain a significant complication of LDLT [1] [2] [3] [4] , although there seems to be a decline in incidence over the last 2 decades [5] . Unlike deceased donor liver transplantation (DDLT), the incidence of BDS in patients undergoing LDLT is higher and ranges between 18%-32% [6, 7] . Most of these patients present with symptoms of bile duct obstruction such as jaundice, pruritus and/or cholangitis. Endotherapy with endoscopic retrograde cholangiography (ERC), sphincterotomy and placement of endoprosthesis have been shown to be technically feasible and safe for BDS in post LDLT [8, 9] . However, therapeutic efficacy for BDS post LDLT has been variable [9] [10] [11] . Therefore, additional studies are needed looking into the factors that can predict a favourable therapeutic response to endotherapy.
The higher incidence of BDS post LDLT have been attributed to difficult surgical techniques of anastomosis owing to smaller diameter of the ducts along with multiple ductal anastomoses. The endotherapy protocol (type of stents, sphincterotomy, stricture dilatation, number of ERC with stent exchange and duration of stenting) has not been standardized in earlier reports, possibly accounting for the varying results of endotherapy in these studies [9] [10] [11] [12] [13] [14] [15] . The stricture morphology, type and number of stents used, duration of stent therapy may also have a direct bearing on therapeutic outcome. In this study various risk factors like anatomical contortions of the stricture, type and number of ductal anastomosis, duration, diameter as well as number of stents placed and their impact on the clinical as well as biochemical outcomes are carefully analysed.
MATERIALS AND METHODS

Patient population and data collection
This was a single centre, observational study where all patients referred to the Gastroenterology service with a diagnosis of BDS post LDLT from January 2012 till November 2015 were evaluated. Recipient and donor demographics (age and gender), transplant setting (emergency or elective), aetiology of liver disease, preoperative Model for End-stage Liver Disease score, intra-operative variables like cold ischemia time, number of blood transfusions, number of bile ducts anastomosed, ductoplasty, conduit used (duct or jejunal loop) and post-operative complications like Hepatic artery thrombosis (HAT), bile leaks; were recorded in pre-designed performas. Bile leaks were considered persistent if the leak did not resolve in four weeks.
Endotherapy
All patients who were medically fit to undergo therapeutic ERC were included in the study. All ERCs were performed by an experienced endoscopist under general anaesthesia and the choice of anaesthetic was left to the discretion of a dedicated anaesthetic doctor who was present throughout the duration for all procedures. A standard adult ERC scope (Olympus TJF Q180V) with an outer diameter of 13.7 mm and channel diameter of 4.2 mm was used. All procedures were performed in the endoscopy suite under fluoroscopic guidance (Fexavision, Shimadzu). Technical success was defined as selective cannulation of CBD with an adequate cholangiogram obtained. Definition of biliary stricture: Patients who had at least two of the three following features were included in the study: (1) Symptoms of cholestasis like Jaundice, pruritus and/or cholangitis in conjunction with elevated serum bilirubin and/or serum gamma glutamyl transferase (GGT) to more than twice the upper limit of normal; (2) Magnetic resonance cholangiopancreatography showing a narrowing with proximal duct dilatation; and (3) ERC cholangiogram showing significant narrowing at the anastomotic site with/without ductal dilatation.
The cholangiograms were then reviewed for stricture morphology (length, diameter, type of anastomoses). The anastomoses were classified as type 1 when single donor duct was anastomosed to a single recipient duct. Type 2 is when two donor ducts are connected to a single recipient duct. Type 3 is when three donor ducts were anastomosed to a single recipient duct. Type 4 is when two recipient ducts (cystic duct and common hepatic duct or right and left hepatic ducts) are anastomosed with the donor duct ( Figure 1 ). The number of ducts anastomosed including the use of cystic duct for anastomoses were also studied.
Therapeutic protocol and follow up:
Institutional protocol for endoscopic management of benign biliary strictures includes Endoscopic sphincterotomy (5-7 mm), which was performed in all patients and stricture dilation using 4-7 mm balloon dilators were performed. A polyethylene stent of 5-7 Fr diameter and 12-15 cm long was then deployed across the stricture. The stent placement was repeated and the stent graduated to a higher diameter upto 10 Fr, if possible. The procedure was repeated every 3 mo for stent replacement for a minimum period of 1 year. Patients, who did not undergo this optimal stent exchange therapy for 1 year due to non-compliance, were studied for recurrence of symptoms and relevant laboratory studies at subsequent clinic visits.
Patients in whom ERC was unsuccessful (due to tight stricture or complex stricture), a guide wire was advanced into the duodenum across the stricture via a percutaneous trans hepatic puncture of the intrahepatic duct (PTBD). ERC, dilatation and stent placement was then carried out using a rendezvous approach. All patients were followed up for immediate and delayed complications.
Surgical repair was undertaken only when both endoscopic and transhepatic approaches failed to cross the stricture, the so called "defiant strictures". Unlike BDS in deceased donors, those occurring in LDLT are surgically formidable to correct, since the length of donor duct (proximal to anastomosis) tends to be very short. BDS following LDLT therefore tend to extend intrahepatically and defining an appropriate donor duct for anastomosis can be a very formidable task surgically particularly in type 4 stictures.
Outcome definition
Outcome was classified into favourable and unfavour able to endotherapy. Patients with favourable response had both biochemical and clinical improvement. Clinical improvement is characterised by relief from symptoms of bile duct obstruction (pruritus, jaundice and cholangitis) and biochemical improvement is considered when there was 80% reduction in total bilirubin (BR)/GGT. Unfavourable response was considered to be partial if either clinical or biochemical improvement was present and Non responsive if neither clinical nor biochemical improvement was seen.
Statistical analysis
Statistical analysis was carried out using IBM SPSS software version 20.0. Comparison of means in the three groups were done using ANOVA test for parametric or Kruskal Wallis for non-parametric variables. Response was also classified as complete responders and partial/ No response where independent 2-sample t test and 
RESULTS
Of the 458 LDLT performed, 47 patients had biliary strictures (10.2%); of which 41 patients had complete data and were included in the study. The mean age of the population was 40.02 ± 15.45 years with a male preponderance (87.8%). Majority of the patients were transplanted in a non-emergency setting (78%) with alcohol (37.5%) and cryptogenic (40.6%) cirrhosis being the most common etiologies for liver disease. The intra-operative variables did not have any association with therapeutic efficacy in this study. However, patients with post-operative HAT and BDS did not have any response to endotherapy despite re-establishment of flow in 4/5 patients. Majority (85.8%) of patients with persistent bile leak > 4 wk had only partial/ no improvement to endotherapy (P value < 0.05). Demographic variables and baseline data are shown in Table 1 .
Technical success and therapeutic efficacy of endotherapy
ERCP was successful in 31 patients (75.6%) while 10 patients (24.4%) required a combined PTBD with a rendezvous approach. Favourable response to endotherapy was seen in 20 patients (48.7%); 14 patients (34.1%) had partial unfavourable response to endotherapy and 7 patients (17.1%), had no response to endotherapy ( Figure 2 ).
Endotherapy in BDS post LDLT
A total of 117 ERCPs were performed in 41 patients (2.8 procedures per patient) ( Table 2) . Patients who had complete improvement to endotherapy (favourable response) had a significantly higher number of total ERC (3.01 in patients with favourable response whereas 1.71 in patients with unfavourable response) and the initial favourable response to endotherapy was also higher (85% vs 57.1% respectively) (P < 0.05) in these patients. Aggressive stent therapy was performed in 23 patients (56%) and these patients had a significant improvement after endotherapy, 16 patients (69.5%) had complete favourable response while 7 patients (30.5%) had partial/no improvement (P value 0.04). Duration of stent therapy showed a direct impact on therapeutic efficacy where patients with a favourable response to endotherapy having the stent in place for a mean duration of 16.4 mo, whereas, patients who had a partial/no response to endotherapy had the stent in place for a mean duration of 6.8 mo (P value = 0.03) ( Figure 3) . A minimum duration of 6.75 mo of stent therapy was found to be predictive of a favourable response to endotherapy (AUROC 0.75).
Stricture morphology: Stricture length and duct diameters did not have a significant correlation to eventual response to endotherapy. The type of anastomosis, however (Figure 1) , did influence the response to endotherapy. All patients with type IV (2 recipient ducts) anastomosis had a poor response to endotherapy ( Table 2) .
Surgical repair was performed only for one patient in this cohort, who remains well following surgery. In one other patient, who developed secondary biliary cirrhosis, retransplantation was required.
Safety and complication
Endotherapy in this patient cohort was safe and only 1 patient had mild acute pancreatitis and 1 patient had cholangitis. A total of 9 patients died (21.9%), including the one with cholangitis. However, a statistically significant survival advantage was observed in patients who had a favourable response to endotherapy as opposed to patients who did not (P value 0.02) ( Figure  4 ).
DISCUSSION
Liver transplantation remains the only definitive treat ment for end stage liver disease. Transplantation using living donors, which is commonly practised in most Asian centres including India, is fraught with unique technical challenges and specific complications with as yet, evolving avenues of therapy. Biliary complications (BDS and Bile leaks) in particular, continue to be a stumbling block resulting in considerable morbidity and mortality among these patients [2, [16] [17] [18] . The incidence of BDS is higher in LDLT patients (10%-30%) compared to DDLT possibly related to smaller diameter of the ducts and multiple ductal anastomoses [19, 20] . BDS in the post-transplant setting is classified into one of two types -anastomotic (AS) and non-anastomotic (NAS) strictures. NAS, more common with DDLT, with an incidence of 5%-15% [17, 18] are longer, multiple and located proximal to the anastomotic site. NAS are further divided into microangiopathic (with prolonged cold ischemia times), macroangiopathic (in association with HAT) and immunogenic (in association with rejection). AS on the other hand, are seen more frequently in patients who have received living donor livers and tend to be shorter, confined to the anastomotic site and present later in the course of follow up [5] . Multiple factors contribute to the development of AS including surgical technique, number of ducts anastomosed and ischemia [21] . The complexity of the microvasculature of the bile ducts makes them particularly vulnerable to ischemia. Management of biliary strictures with endotherapy, i.e., ERC with endobiliary stenting, is the treatment of choice especially for patients with AS [22] . They are notoriously difficult to treat with a recurrence rate between 9%-37% [23] . However, contrary to this, a report from the Adult-toAdult Living Donor Liver Transplantation Cohort Study consortium (A2ALL) [24] suggested a comparable efficacy of endoscopic treatment in anastomotic strictures (in both DDLT as well as LDLT setting) based on which a recommendation to reserve endoscopic therapy as a first line treatment for all patients with anastomotic strictures could be made [22] . Unfortunately, some of these patients may not have a favourable response to endotherapy resulting in significant morbidity and even mortality. These patients with the so-called "defiant" biliary strictures may end up with re-surgery or repeat transplantation which will add to the financial burden of the patients [22] . Several investigators have reported a favourable response following endotherapy in the range of 53%-88% [3, 19, 25, 26] . In our patient population, a favourable response was seen in only 48.7% of patients, while partial relief(clinical or biochemical) was noted in 34.1% of patients. Seven/41 patients (17.1%) in our study had no response to endotherapy. Moreover patients who did not respond to endotherapy were at a survival disadvantage with high mortality rate. This critical observation provided us with the impetus to study the factors that might predict outcome with endotherapy, especially since there is a considerable variation of results and lack of uniform treatment protocols. Donor age was found to have a significant bearing on response to endotherapy. The age related variations in duct calibre and fibrotic response to ischemia/inflam mation of the ducts may be possible pathogenic factors for the development of complex BDS. HAT in the postoperative period was a significant predictor of poor response to endotherapy despite re-establishment of flow in most of the patients (4/5 patients, 80%). This suggests that the ischemic stress even though "shortlived" was sufficient to significantly compromise the viablity of the anastomotic site leading to complex and defiant strictures.
Bile leaks have previously been shown to be associated with an increased incidence of BDS [27] [28] [29] . Inflam matory reactions due to the extravasated bile leading to fibrosis has been proposed as the pathogenetic mechanism in these patients. Alternatively, bile leak may be a surrogate to indicate ischemia and necro inflammatory reaction which eventually results in BDS [30] . Our study looked into not just the immediate perioperative bile leak but also the duration of leak, of more than 4 wk. Patients who had persistent bile leak more than four weeks had a poor outcome following endotherapy which may in part, be related to a dose response relationship between persistent inflammation caused by the extravasated bile. As a corollary to this, an early and aggressive treatment protocol with endoscopic sphincterotomy and stent placement may positively impact endoscopic outcome for BDS in these patients.
LDLT strictures are notoriously complex possibly resulting from multiple ductal anastomoses, mismatch of duct sizes and altered anatomy [31] . Only 75% technical success rate was achieved with ERC in our patient population with 10 patients requiring PTBD followed by rendezvous approach for stent placement. In all these patients the strictures assumed complex anatomical contortions.
Multiple ductal anastomoses are seldom considered as a risk factor for BDS post LDLT [32] . In a study by Chan et al [33] , they found that a single hepatic duct is ideal for a duct to duct anastomosis. If two ducts are present, a duct to duct anastomosis can still be performed provided the ducts are less than 3 mm apart. If the ducts are more than 3 mm apart, they suggested separate Hepaticojejunostomies using a Roux-en-T loop [33] . Another study by Asonuma et al [34] explored the feasibility of the use of the recipient cystic duct for biliary reconstruction in right liver donor transplantation when two bile duct orifices were present. Our study also revealed that employing multiple recipient ducts for anastomosis can cause defiant and complex strictures resistant to endotherapy. Moreover when recipient cystic duct was used for anastomosis, the outcome for endotherapy was especially poor. The stricture length did not correlate with response to endotherapy suggesting a complex anatomical spatial alteration as the likely cause for poor response to endotherapy than longitudinal extent of the stricture. There is no uniform consensus on the ERC protocol for the treatment of post LDLT BDS. Several reports have suggested that balloon dilatation with endobiliary stenting is superior to dilatation alone [17, [35] [36] [37] . However, in a meta-analysis published recently, balloon dilatation with stenting did not afford a significant advantage to dilatation alone [38] . Current practices for management of BDS post LDLT suggests a 3 mo interval for repeat procedures with stricture dilatation and stent exchanges, which has been shown to minimize stent occlusion and prevent cholangitis or stone formation [17, 22, 39] . Our results also indicate that an aggressive endotherapy protocol which included stent exchanges every 3 mo, stent upsizing to a maximum of 10 Fr, serial dilatation of the strictures and prolonged duration of stent therapy were associated with a favourable response to endotherapy. Similar to our experience Verdonk et al [30] had a 75%
success rate for post LDLT strictures with a median of 3 endotherapy sessions per patient. They also showed that higher number of endotherapy sessions with increasing number of stents had a good outcome. A predictive cutoff of 6.75 mo for the duration of stent therapy was found to have reasonable validity for eventual favourable response to endotherapy. Most studies in this area have found an average stent duration between 6 mo to 1 year with 34 endotherapy sessions to be adequate in preventing recurrences with minimal complications and morbidity [7, 40, 41] . Reported complications for endotherapy in BDS post transplantation include post-ERC pancreatitis, cholangitis, bleeding, pain and stent migration. In this study, ERC followed by endotherapy was found to be safe with only one patient developing mild acute pancreatitis and one developing cholangitis. Premature removal of stents without replacement or up-sizing of stent was associated with recurrent bile duct stricture and cholestatic jaundice.
The treatment of "defiant" BDS remains an elusive area of study where innovative endoscopic approaches like the use of digital single operator cholangioscopy (DSOC) [42] , covered self-expanding metallic stent (c-SEMS) [43] , use of multiple plastic stents and novel dilatation balloons [22] are steadily gaining ground over traditional eventual surgical options which include hepaticojejunostomy and retransplantation [22, 44] . In this study, 2 patients with "defiant" BDS underwent surgery [Hepaticojejunostomy (1) and Retransplantation (1)] and one patient had a c-SEMS placed. The use of c-SEMS has recently been studied in a meta-analysis [38] where it was shown to have superior efficacy rates as compared to multiple plastic stenting. However, the same analysis showed high complication rates, especially stent migration [38] . In our study, 2 patients with difficult BDS underwent DSOC with the help of which we were able to traverse the stricture successfully only in 1 patient. Our approach to "defiant" BDS currently centres around the use of multiple plastic stents with only selected patients receiving c-SEMS. Surgical correction is reserved for patients who have particularly crippling symptoms along with frequent recurrence of strictures despite maximal stent therapy for over a period of 15 mo.
In summary, BDS remains a major complication of LDLT. Early identification of risk factors such as bile leaks and HAT in conjunction with adopting early treatment measures may improve therapeutic efficacy of endotherapy in these patients. Aggressive endotherapy protocols seem to have a favourable outcome after endotherapy thereby reducing the associated morbidity and mortality of BDS post LDLT. The use of c-SEMS, DSOC in the management of "defiant" BDS is an area that requires further study.
COMMENTS
Background
Bile duct strictures (BDS) are a major cause of morbidity and mortality in patients who have undergone a living donor liver transplantation. Endotherapy for BDS in these patients includes endoscopic retrograde cholangiography, sphincterotomy and stent placement. Results of endotherapy are variable and factors predicting outcome are not well elucidated.
Research frontiers
Factors that can predict endotherapy outcome and result in optimal patient selection. Endotherapy protocols/guidelines which can help roadmap this heterogenous group of patients towards better healthcare.
Innovations and breakthroughs
Unique outcome definition: The outcome of endotherapy was considered favourable only when there was symptomatic and biochemical improvement. Partial responders were considered unfavourable owing to significant morbidity in this group. This sub group of patients is particulary tricky as they find themselves in a therapeutic "no man's land" so to speak, where established treatment has provided some improvement, but with residual yet significant morbidity. Aggressive endotherapy protocols with repeated procedures, serial dilatation and stent upsizing for a minimum period exceeding 6 mo can yield good outcomes in majority of patients. Early endotherapy in patients with persistent bile leak (> 4 wk) may prevent the development of complex BDS. Use of two or more recipient ducts, especially cystic ducts are particularly poor responders to endotherapy.
Applications
This study may aid in the establishment of uniform endotherapy protocols which can have a wide applicability beyond the confines of single centre experiences. Bile duct anastomosis using multiple recipient ducts may be avoided, if possible; in favour of innovative surgical practices that may impact overall outcome in these patients. The outcome definition which identifies partial responders may suggest a sub group that needs a more detailed assessment which can lend clarity on optimal management of these patients.
Terminology
Type of anastomosis has been classified in terms of number of anastomosis into 4 types which have a significant bearing on overall outcome. Outcome definition was defined as favourable (symptomatic and biochemical improvement) and unfavourable (partial/non responders). Partial responders are those with either symptomatic and biochemical improvement and non-responders were labelled as those with neither.
Peer-review
The manuscript focuses on the endoscopic treatment of biliary strictures in living donor liver transplantation. It is interesting and well written.
